Growth factors signaling through the phosphoinositide 3-kinase/Akt pathway promote cell survival. The mechanism by which the serine/threonine kinase Akt prevents cell death remains unclear. We have previously shown that Akt inhibits the activity of DEVD-targeted caspases without changing the steady-state levels of Bcl-2 and Bcl-x L . Here we show that Akt inhibits apoptosis and the processing of procaspases to their active forms by delaying mitochondrial changes in a caspase-independent manner. Akt activation is sufficient to inhibit the release of cytochrome c from mitochondria and the alterations in the inner mitochondrial membrane potential. However, Akt cannot inhibit apoptosis induced by microinjection of cytochrome c. We also demonstrated that Akt inhibits apoptosis and cytochrome c release induced by several proapoptotic Bcl-2 family members. Taken together, our results show that Akt promotes cell survival by intervening in the apoptosis cascade before cytochrome c release and caspase activation via a mechanism that is distinct from Bad phosphorylation.
Apoptosis is an essential process for the development and tissue homeostasis of most multicellular organisms. Deregulation of apoptosis has been implicated in the pathogenesis of many disease states, including neurodegenerative disorders and cancer (37) . One mechanism by which apoptosis is regulated is through the availability of mediators of survival signals, such as certain growth factors and cytokines and cell-matrix contact (32, 33) .
The activation of growth factor receptors leads to multiple intracellular effects, including alterations in gene expression, protein synthesis, mitogenesis, cytoskeletal rearrangements, differentiation, and cell survival. The pathway leading to the activation of phosphoinositide 3-kinase (PI 3-kinase) and its downstream effector the serine/threonine kinase Akt (also called protein kinase B [PKB] ) by growth factor receptors has emerged as the major mechanism by which growth factors promote cell survival (reviewed in reference 28). Upon activation, PI 3-kinase phosphorylates membrane phosphoinositides at the D-3 position. These phospholipids act as second messengers that mediate the diverse cellular functions of PI 3-kinase (13) . One function of these second messengers is the activation of Akt. The amino terminus of Akt contains a pleckstrin homology domain that is thought to directly bind the phospholipid products of PI 3-kinase. This binding recruits Akt to the membrane and induces a conformational change that allows the phosphorylation of Akt by the phosphoinositidedependent kinases I (PDKI) and PDKII at residues Thr308 and Ser473, respectively. Phosphorylation of Akt results in full activation of Akt kinase activity and the subsequent regulation of multiple cellular processes, including the transmission of growth factor-dependent survival signal (reviewed in references 7 and 28). Recent genetic studies in Drosophila melanogaster have corroborated these results and have suggested an important in vivo role for Akt in the regulation of apoptosis (3, 36) .
Although Akt promotes cell survival in a variety of cell types and blocks apoptosis induced by diverse apoptotic stimuli, the step at which Akt abrogates the apoptotic cascade is not known. Because Akt is blocking apoptosis both in mammalian cells and in Drosophila, it is likely that the mechanism by which Akt intervenes in the apoptotic cascade is evolutionarily conserved.
The apoptotic cascade in mammalian cells is a multistep process (reviewed in reference 15). In most cases, the apoptotic cascade is initiated by loss of integrity of the outer mitochondrial membrane accompanied by release of cytochrome c. Following mitochondrial release, cytochrome c is thought to bind and induce a conformational change in the apoptotic protease activating factor (Apaf-I) that results in the cleavage and activation of caspase-9 and a subsequent activation of a caspase cascade that executes the cell death (reviewed in ref- erence 38) . However, the mechanism of cytochrome c translocation from mitochondria into the cytosol and the regulation of this translocation remained unclear.
The critical regulators of the apoptosis cascade are the Bcl-2 family members. These family members include antiapoptotic proteins such as Bcl-2 and Bcl-x L and proapoptotic members such as Bad, Bid, and Bik (the BH3 subfamily) and Bax, and Bak (the Bax subfamily) (reviewed in references 1 and 23). Many members of this family, such as Bcl-2 and Bcl-x L , are predominantly localized to the outer membrane of mitochondria, while others interact with mitochondria indirectly. For example, the proapoptotic protein Bad does not contain a mitochondrial targeting sequence but rather localizes to mitochondria, in a phosphorylation-dependent manner, by heterodimerization with other Bcl-2 family members (42, 44, 47) . The mechanism by which the Bcl-2 family members regulate cell death remains unclear but may involve regulation of mitochondrial integrity (23) . Bcl-2 family members may function as ion channels that regulate the osmotic balance of mitochondria and the release of apoptogenic molecules from mitochondria such as cytochrome c. Alternatively, Bcl-2/Bcl-x L may function by binding and sequestering Apaf-I from interacting with caspase-9, thus preventing Apaf-I-caspase-9 complex (ap-optosome) formation and subsequent caspase activation (reviewed in reference 15).
Elucidation of the mechanism by which Akt intervenes in the apoptotic cascade is important not only for determining growth factor-mediated cell survival but also for understanding the genesis of a wide range of human cancers. This is in light of the observation that the PTEN phosphatase tumor suppressor implicated in a wide range of human cancers is a negative regulator of Akt (16, 27, 35, 43) .
It was suggested that Akt inhibits apoptosis, at least in part, by phosphorylating and inactivating the proapoptotic Bcl-2 family member, Bad (8, 31 ). Here we provide evidence for a more general mechanism by which Akt inhibits apoptosis that is not dependent on Bad phosphorylation. We show that Akt promotes cell survival by maintaining mitochondrial integrity and by inhibiting the release of cytochrome c and alterations in mitochondrial membrane potential induced by multiple apoptotic stimuli, in a caspase-independent manner. g for an additional 20 min. This pellet was resuspended in 100 l of Laemmli buffer and termed the mitochondrial pellet. The supernatant was incubated on ice with 20% trichloroacetic acid to precipitate cytochrome c. After 30 min, the supernatant was spun at 13,000 ϫ g for 20 min; the pellet was then rinsed in 1 ml of diethyl ether on ice and respun at 13,000 ϫ g for 10 min. The diethyl ether was removed, and pellet was allowed to dry on ice. The pellet was then resuspended in 70 l of Laemmli buffer and termed the supernatant.
DiOC 6 labeling and FACS analysis. Cells were loaded with 50 nM 3Ј,3Ј-dihexyloxacarbo-cyanine iodide (DiOC 6 ) at 37°C for 10 min. Floating cells were collected, and attached cells were trypsinized and resuspended in PBS. Cells were spun at 3,000 ϫ g, and fractions were pooled and rinsed in PBS. Cells were resuspended in 1 ml of ice-cold PBS and subjected to fluorescence-activated cell sorting (FACS) analysis.
RESULTS
Akt inhibits UV light-mediated cell death and caspase activation in Rat1a cells. To further understand the mechanism by which Akt mediates cell survival, we examined the ability of Akt to inhibit UV light-induced cell death. Rat1a cells were placed in Dulbecco modified Eagle medium (DMEM) containing no serum and then irradiated with UV light (50 Jo/m 2 ). The percentage of apoptotic cells was assessed 5 h following UV irradiation by staining with DAPI as previously described (20) . Fragmented and condensed nuclei were scored as apoptotic. We observed a marked acceleration of apoptosis following UV irradiation of Rat1a cells ( Fig. 1A ; P Ͻ 0.005). When 10% FCS was added to the cells, immediately after irradiation, there was 3) . After an additional 5 h, extracts were made and labeled with the biotin-conjugated YVAD-AMK (Calbiochem, La Jolla, Calif.). Extracts were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% gel, and the Western blot was incubated with horseradish peroxidase-conjugated streptavidin (1 g/ml).
VOL. 19, 1999 INHIBITION OF CELL DEATH BY Akt/PKB 5801 a significant attenuation of this cell death (P Ͻ 0.005). Preincubation of Rat1a cells with the PI 3-kinase inhibitor wortmannin was sufficient to block the survival signal generated by FCS (Fig. 1A) . These results implicate PI 3-kinase in transmitting the FCS-generated survival signal and are in agreement with previous results demonstrating that PI 3-kinase can transmit an antiapoptotic signal (19) (20) (21) 46) . To study the effect of Akt signaling on UV-induced cell death, we used a polyclonal Rat1a cell line that stably expressing an activated form of Akt consisting of the Src myristoylation signal fused to the c-Akt coding sequence (MyrAkt) (20) . MyrAkt exhibits constitutive kinase activity independently of PI 3-kinase activity and growth factor stimulation (2, 14, 20) . Rat1a cells expressing MyrAkt (Rat1a/MyrAkt cells) were significantly protected from UV-induced apoptosis even in the presence of wortmannin ( Fig. 1A ; P Ͻ 0.001). Thus, Akt activation is sufficient to protect Rat1a cells from UV-induced cell death, consistent with previous results (24) .
We have previously established that Akt prevents the induction of caspase activity that cleaves poly(ADP-ribosyl) poly- (20) . Procaspases are converted from inactive zymogens to their active forms by proteolytic cleavage and assembly into tetrameric complexes (reviewed in reference 29). To determine whether Akt was blocking the activity or the processing and activation of the procaspases, we used an in vitro system for detecting and identifying cleaved and activated caspases. This system uses a nonhydrolyzable caspase recognition peptide tagged with both a fluoroacyloxymethylketone moiety (which covalently binds the target proteins) and a biotin tag which enables their detection by immunoblot analysis (11, 12) . Extracts from Rat1a and Rat1a/MyrAkt cells were labeled and subjected to immunoblot analysis. After irradiation, we observed the appearance of two species of labeled proteins that migrated with mobility similar to that of activated caspases, at approximately 21 and 23 kDa, as previously described (11) (Fig. 1B, lane 2 ). FCS and MyrAkt were both sufficient to prevent the appearance of these bands (lanes 3 and 5). Using a fluorescently conjugated caspase substrate as previously described (20) , we observed induction of caspase activity that is correlated with the appearance of the biotinylated bands (data not shown). These results suggest that Akt not only inhibits caspase activity but also blocks the processing of caspases from inactive zymogens to their active forms.
Akt inhibits the release of cytochrome c from mitochondria following UV irradiation. The major mechanism of processing and activation of procaspases in mammalian cells is mediated by the Ced-4 homologue Apaf-I. Apaf-I is activated by binding to cytochrome c which is released from mitochondria in the early stage of apoptosis (reviewed in reference 15). We therefore examined whether Akt is capable of regulating the release of cytochrome c from mitochondria. Immunofluorescence staining of Rat1a cells with an anti-cytochrome c antibody gave a punctate staining pattern characteristic of mitochondrial localization ( Fig. 2A, panel I ). The mitochondrial dyes DiOC 6 and MitoTracker-CMXRos gave indistinguishable patterns of fluorescence (see below), suggesting that the cytochrome c antibody did indeed recognize cytochrome c within mitochondria. Treatment of Rat1a cells with UV light induced cytoplasmic shrinkage, nuclear fragmentation, chromatin condensation, and loss of mitochondrial cytochrome c staining ( Fig. 2A,  panel II) . Quantitation of the percentage of cells with diffuse cytochrome c fluorescence showed a marked increase in cytochrome c release following UV irradiation ( Fig. 2B ; P Ͻ 0.001).
To determine whether the observed cytochrome c release is indeed the trigger of cell death or a consequence of caspase activation, we used the irreversible broad-range caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl-ketone (zVAD). Preincubation of Rat1a cells with zVAD was sufficient to prevent the fragmentation and condensation of nuclei following UV irradiation ( Fig. 2C ; P Ͻ 0.001). The release of cytochrome c from mitochondria, however, was not inhibited by zVAD ( Fig. 2A, panel III; Fig. 2B ). These results are consistent with previous results showing that translocation of cytochrome c from mitochondria is independent of caspase activity (4, 26, 40) . A greater percentage of UV-irradiated Rat1a cells exhibited a loss of punctate cytochrome c immunostaining when pretreated with zVAD (Fig. 2B) . This was not unexpected because zVAD prevented Rat1a cells from lifting off the coverslip following UV exposure (data not shown). In the absence of zVAD, many irradiated Rat1a cells had lifted off the coverslip and consequently were not scored. UV induced accumulation of cells with diffuse cytochrome c staining, and this was prevented by MyrAkt in the presence and in the absence of zVAD ( Fig. 2A, panel IV; Fig. 2B , P Ͻ 0.002 and 0.001 respectively). These results suggest that Akt is sufficient to prevent the loss of punctate cytochrome c immunostaining immediately following UV irradiation.
To corroborate the immunofluorescence data, Rat1a and Rat1a/MyrAkt cells were mechanically lysed and the subcellular localization of cytochrome c was investigated following exposure to UV irradiation. Cytochrome c normally resides within mitochondria between the inner and outer membranes. In proliferating Rat1a cells, we observed cytochrome c in the mitochondrial fraction and not in the cytoplasmic fraction (Fig.  2D) . The mitochondrial marker COX IV is also localized in the mitochondrial fraction and is absent from the cytoplasmic fraction. Following UV irradiation, cytochrome c translocated from the mitochondrial into the cytoplasmic fraction whereas (Fig. 2D) . These results corroborate our immunofluorescence data and demonstrate that Akt is sufficient to maintain cytochrome c within mitochondria following UV irradiation of Rat1a cells. Akt prevents the release of cytochrome c induced by multiple apoptotic stimuli. We extended these results by testing the ability of Akt to inhibit cytochrome c release from two additional inducers of apoptosis, the topoisomerase inhibitor etoposide and overexpression of Myc. Treatment of Rat1a cells with etoposide resulted in a release of cytochrome c, as measured by loss of punctate cytochrome c immunofluorescence ( Fig. 3A ; P Ͻ 0.001). Activated Akt was sufficient to prevent the etoposide-mediated release of cytochrome c ( Fig. 3A ; P Ͻ 0.001). To study Myc-mediated apoptosis we used a conditionally active Myc allele (MycER) that permits conditional activation of Myc activity upon addition of the ␤-estradiol analog 4-hydroxytamoxifen (4-HT). Rat1a cells expressing MycER (Rat1a/MycER cells) and cells expressing MycER and MyrAkt (Rat1a/MycER/MyrAkt cells) were deprived of serum in the presence of 4-HT. Activation of Myc induced a large increase in the percentage of cells exhibiting diffuse cytochrome c immunostaining ( Fig. 3B ; P Ͻ 0.001). Activated Akt was sufficient to prevent this translocation of cytochrome c ( Fig. 3B ; P Ͻ 0.001). These data demonstrate that in Rat1a cells, cytochrome c is released in response to a wide range of apoptotic stimuli and that activation of Akt is sufficient to prevent this release.
Akt prevents alterations in mitochondrial dye uptake following UV exposure. Alterations in the mitochondrial inner membrane potential (⌿ m ) have been implicated in the execution of apoptosis (reviewed in references 15 and 23). Pharmacological studies have suggested that the loss of inner membrane potential (⌬⌿ m ) is due to alterations in permeability transition (PT) pores; multiprotein complexes located between the inner and outer membranes. Artificial induction of PT pores opening can trigger caspase activation, and pharmacological inhibition of PT can prevent nuclear DNA condensation and apoptosis. In many cases, however, ⌬⌿ m collapse is preceded by cytochrome c release and caspase activation (4, 22, 40, 45) . A recent study has presented evidence supporting a causative role for a hyperpolarization and swelling of mitochondria, and the subsequent cytochrome c release, in the induction of apoptosis (40) .
To determine if alterations in mitochondrial potential occur in our system, we measured the uptake of the mitochondrial specific dyes DiOC 6 and MitoTracker-CMXRos in Rat1a cells undergoing apoptosis. Proliferating Rat1a cells loaded with DiOC 6 (Fig. 4A) or MitoTracker-CMXRos (data not shown) exhibited a punctate fluorescence characteristic of a mitochondrial labeling pattern indistinguishable from the cytochrome c immunofluorescence pattern (Fig. 2A) . Pretreatment of Rat1a cells with the protonophore carbonyl cyanide m-chlorophenylhydrazone (ClCCP), which dissipates the mitochondrial inner membrane proton gradient, substantially inhibited dye uptake, suggesting that dye uptake requires an intact membrane potential (Fig. 4A) . Dye uptake was quantitated by flow cytometry (Fig. 4B) . Proliferating Rat1a and Rat1a/MyrAkt cells took up similar amounts of DiOC 6 . Five hours after UV irradiation, we observed the appearance of a population of cells that had lost membrane potential (⌬⌿ m low). Activated Akt delayed the appearance of ⌬⌿ m low cells until 17 h following irradiation (Fig. 4B) . Five hours after irradiation, Ͼ45% of Rat1a cells exhibited fragmented and condensed nuclei (Fig.  1A) , while only less than 10% of the cells had lost membrane potential. These results strongly suggest that in our system, ⌬⌿ m low is a late event that occurs as a consequence of apoptosis. Interestingly, we observe an initial threefold increase in dye incorporation following irradiation (⌬⌿ m high), which is also significantly attenuated by MyrAkt (Fig. 4B) . Thus, Akt activation, like Bcl-x L overexpression (40) , is sufficient to delay increases in mitochondrial dye uptake and hyperpolarization. We obtained virtually identical results when these experiments were repeated using the mitochondrial dye MitoTracker-CMXRos (data not shown). The initial increase in dye uptake may reflect swelling of the mitochondria which precedes cytochrome c release. Thus, Akt inhibits cytochrome c release by delaying the early changes in the mitochondria immediately after the exposure to the apoptotic stimulus.
We found that ectopic expression of Bcl-2 delay mitochondrial changes for longer time than Akt (data not shown). This is likely because the MyrAkt kinase activity declines with time upon growth factor withdrawal due to the limited pool of the D-3 phosphoinositides that are required for full activation of Akt by PDKI and PDKII. As we have previously shown, the ability of Akt to promote cell survival is dependent on its kinase activity (20) .
Akt cannot inhibit apoptosis induced by microinjection of cytochrome c. Microinjection of holo-cytochrome c can induce apoptosis in some cell lines (9, 25) . We tested whether microinjection of holo-cytochrome c was able to induce cell death in Rat1a cells and whether Akt could prevent cytochrome cinduced cell death. Rat1a cells were injected with 0.1 to 10 mg of horse heart holo-cytochrome c per ml together with the dye Texas red. We observed a dose-dependent induction of apoptosis, as judged by fragmentation of nuclei beginning with 0.3 mg of cytochrome c per ml (data not shown). Because 1 mg/ml was the lowest concentration of cytochrome c that reproducibly induced apoptosis, we used this concentration for further experiments. Injection of 1 mg of cytochrome c per ml induced Rat1a cells to undergo apoptosis within 60 min of microinjection ( Fig. 5 ; P Ͻ 0.001). Injection of 1 mg of BSA per ml did not induce any significant fragmentation of nuclei (Fig. 5B) . Preincubation with zVAD was sufficient to prevent nuclear fragmentation induced by cytochrome c microinjection ( Fig. 5 ; P Ͻ 0.001). Cells expressing MyrAkt were not protected from cytochrome c-induced cell death (Fig. 5) . Taken together, these results demonstrate that although Akt can prevent cytochrome c release, it is unable to inhibit apoptosis after cytochrome c has accumulated in the cytoplasm. Therefore, the inhibition of cytochrome c release from mitochondria is a major mechanism by which Akt prevents cell death.
Akt inhibits apoptosis induced by overexpression of the proapoptotic Bcl-2 family members. We have presented evidence that Akt prevents the disruption of mitochondrial integrity following apoptotic stimuli. As Bcl-2 family members also control mitochondrial integrity (reviewed in reference 1), it is possible that Akt functions by regulating this family of proteins. We have shown previously that Akt does not change the steady-state expression levels of the Bcl-2 and Bcl-x L proteins (20) . We therefore examined the ability of Akt to inhibit apoptosis mediated by the proapoptotic members of the Bcl-2 family. Overexpression of Bax, Bak, Bik, and Bad induced a significant increase in apoptosis in Rat1a cells upon serum deprivation that was significantly attenuated by activated Akt (Fig. 6A) .
Bad is phosphorylated in hemapoietic cells treated with in- terleukin-3 at two sites, serine 112 (S112) and serine 136 (S136) (41, 47) . Akt has recently been shown to phosphorylate and inactivate Bad in primary neurons and in vitro (8, 31) . Indeed, in Rat1a cells, activated Akt was unable to efficiently inhibit apoptosis mediated by a mutant of Bad (Bad*) in which the two serine residues were converted to alanine (Fig. 6A ).
Immunoblot analysis of Rat1a cells expressing Bad and Bad* demonstrated that activated Akt was sufficient to induce a mobility shift of Bad indicative of phosphorylation. In proliferating Rat1a cells, Bad existed as a doublet (data not shown).
The slower-and faster-migrating bands were termed ␣ and ␤, respectively. In Rat1a cells deprived of FCS, the majority of Bad existed as the faster-migrating ␤ species (Fig. 6B, lane 1) . absence of serum or wortmannin (lanes 5 to 7). Bad* migrated exclusively as the ␤ species irrespective of the presence or absence of serum and/or wortmannin (lanes 7a and 8). The presence of MyrAkt was unable to induce a mobility shift in Bad*-expressing cells (data not shown). Thus, in Rat1a cells, Akt is sufficient to induce a mobility shift of ectopically expressed Bad that is dependent on S112 and S136.
We next investigated whether Bad-induced apoptosis involves cytochrome c release and whether Akt is capable of preventing this release. Cytochrome c release was measured in UV-treated Rat1a and Rat1a/MyrAkt cells expressing Bad or Bad*. Under these conditions, ectopic expression of Bad and Bad* increased the percentage of cells with diffuse cytochrome c immunostaining ( Fig. 6C ; P Ͻ 0.002 Ͻ0.001). Akt was able to prevent release of cytochrome c induced by Bad and to a lesser extent by Bad* ( Fig. 6C ; P Ͻ 0.001). We then determined whether the mechanism by which Akt inhibits apoptosis mediated by other proapoptotic members of the Bcl-2 family is also through the inhibition of cytochrome c release. Because Bak is a potent accelerator of apoptosis in Rat1a cells, we examined the ability of Akt to inhibit the cytochrome c release induced by overexpression of Bak, as a representative of the Bax subfamily. Overexpression of Bak also elicited an increase in cytochrome c release that was significantly inhibited by Akt (Fig.  6D) . These results show that Akt inhibits apoptosis and cytochrome c release induced by both the BH3 subfamily and the Bax subfamily of the proapoptotic Bcl-2 family. Furthermore, these results suggest that Bad is not the only target for Akt upstream of cytochrome c release (see discussion below).
DISCUSSION
In mammalian cells, the serine/threonine kinase Akt/PKB is widely recognized as the major mediator of growth factorpromoted cell survival, but the step at which it abrogates the apoptosis cascade remained unknown. A critical early step is initiated by loss of integrity of the outer mitochondrial membrane accompanied by release of cytochrome c. Cytochrome c then binds to and activates the Ced-4 homologue Apaf-I, which in turn activates caspase-9, resulting in the execution of a caspase cascade culminating in caspase-3 and caspase-7. In the present study, we demonstrated that Akt can prevent the activation and the processing of the caspases by maintaining mitochondrial integrity and by preventing the critical early step of cytochrome c release. The data for dye uptake (Fig. 4) suggest that Akt can block also the swelling of the mitochondria which preceded cytochrome c release, as was shown for Bcl-x L (40) . While mitochondrial step of apoptosis is at least in part controlled by Bcl-2 family of proteins, we failed to detected changes in the levels of such proteins upon introduction of constitutively active Akt (20) . One possible candidate that may mediate the regulation of mitochondrial integrity by Akt is the proapoptotic Bcl-2 family member Bad. Bad has been shown to be directly phosphorylated and inactivated by Akt. Our results are consistent with Bad being a downstream target of Akt-mediated mitochondrial integrity in cells overexpressing Bad. Although this phenomenon is important for Akt-mediated survival of cells overexpressing Bad, we have presented evidence for the existence of a more general, Badindependent mechanism of Akt action. First, in this study we have demonstrated that Akt can overturn effects of proapoptotic Bcl-2 family members (Bik, Bak, and Bax) that lack Akt phosphorylation sites. Second, Akt showed small yet reproducible and statistically significant protection from the effects of an overexpressed Bad mutant that is insensitive to Akt phosphorylation (Fig. 6A) . Moreover, Akt can completely protect from a certain threshold level of unphosphorylated Bad, because there is always a significant fraction of unphosphorylated Bad when wild-type Bad is overexpressed (Fig. 6B, lanes 4 to 6) . Importantly, these phenomena were observed in Rat1a cells that lack any detectable Bad protein (19a) . Third, Akt promotes survival of cells of various tissues origins and in response to diverse stimuli. Bad-deficient mice, however, lack major apoptotic defects (22a), and their primary fibroblasts are as sensitive to serum withdrawal as the wild-type cells (19a) . Finally, while this report was in review, it was shown that Akt is unlikely to be the major kinase that phosphorylates Bad in vivo (18) .
An alternative route of Akt action was suggested by the finding that Akt can directly phosphorylate and inactivate caspase-9 (6). The latter is expected to have an effect analogous to that of the caspase inhibitor zVAD. In contrast, our data indicate that Akt (but not zVAD) blocks release of mitochondrial cytochrome c in a caspase-independent manner (Fig. 2) , while zVAD (but not Akt) attenuates cell death upon cytochrome c microinjection (Fig. 5) . Noteworthy, caspase-9 deficiency interferes with apoptosis without preventing cytochrome c release (17) .
Taken together, our findings demonstrate that Akt intervenes in the apoptotic pathway independently of caspases by inhibiting mitochondrial changes prior to cytochrome c release. In addition, to this mechanism that counteracts the effects of diverse apoptotic stimuli and proapoptotic proteins, there are more specific mechanisms such as phosphorylation of Bad and caspase-9 (Fig. 7) . Although our results do not support Akt-mediated cell survival through inhibition of caspase-9, we cannot completely rule out the possibility that in addition to preventing cytochrome c release, Akt phosphorylates and inactivates caspase-9 and other caspases. This mechanism together with the phosphorylation of Bad could be alternative or safeguard mechanisms for Akt-mediated cell survival.
The exact mechanism by which Akt maintains mitochondrial integrity is not clear. It is possible that Akt is antagonizing the initial damage to the mitochondria induced by the apoptotic stimuli. Because the nature and the identity of this early event are not known, it is unclear how Akt regulates the integrity of the mitochondria. However, it is likely that this mechanism is evolutionarily conserved because Akt exhibits antiapoptotic effects in both mammalian and Drosophila cells (3, 36) .
The mechanism by which Akt maintains the integrity of mitochondria is likely to be similar to the effect of growth factors on mitochondria. It has been recently shown that VOL. 19, 1999 INHIBITION OF CELL DEATH BY Akt/PKB 5807 growth factor deprivation decreases the accessibility of mitochondrial matrix to ADP, which in turn elicits hyperpolarization of the inner mitochondrial membrane and matrix swelling. Bcl-x L prevents cell death upon growth factor withdrawal by bypassing the inaccessibility of mitochondria to ADP, thereby inhibiting hyperpolarization and swelling of mitochondria (39) . Because activated Akt can prevent the initial swelling and hyperpolarization of mitochondria, it is likely that it inhibits cell death by maintaining accessibility of mitochondria to ADP. While this report was in review, another possible mechanism by which Akt promotes cell survival was suggested: Akt prevents the expression of Fas ligand upon growth factor withdrawal (5) . This implies that in serum-deprived cells, the apoptotic signal is relayed to mitochondria via a caspase-8-dependent pathway which is sensitive to zVAD (26) . Our observations, however, do not support this prediction because zVAD fails to prevent cytochrome c release, although it is capable of inhibiting the onset of subsequent apoptotic changes.
Both the apoptotic cascade and Akt are conserved in Caenrhabditis elegans and in Drosophila. Thus, it is expected that Akt will also have a role in regulating apoptosis in nematodes and flies. Indeed, Akt was shown in C. elegans to be a downstream effector of insulin-like growth factor receptor and PI 3-kinase (30) . Thus far, there is no evidence that Akt plays a role in regulating apoptosis in C. elegans. In this regard, it is worth noting that although the fundamental apoptotic machinery is conserved between C. elegans and mammals, no role in apoptosis has been attributed to cytochrome c in C. elegans. Because Akt inhibits apoptosis by preventing cytochrome c release, it may not have a role in the regulation of apoptosis in C. elegans. Interestingly, in mammalian cells, Bcl-2 can intervene in two steps of apoptosis: it can prevent cytochrome c release and can also physically interact with Apaf-I to inhibit its function similar to the interaction between Ced-9 and Ced-4 in C. elegans (reference 1 and Fig. 7 ). This may explain the ability of Bcl-2, at least in some cases, to inhibit apoptosis after cytochrome c release (34) . It was shown that Akt is required in Drosophila for blocking apoptosis in the embryos but has only modest effect on apoptosis in the Drosophila eye (3, 36) . It remains to be seen whether Drosophila has also adopted cytochrome c as an apoptosis cofactor.
